To determine if living microorganisms of phytosanitary concern are present in wood after 15 eradication treatment and to evaluate the efficacy of such treatments, the method of choice is to grow 16 microbes in petri dishes for subsequent identification. However, some plant pathogens are difficult or 17 impossible to grow in axenic cultures. A molecular methodology capable of detecting living fungi and 18 fungus-like organisms in situ can provide a solution. RNA represents the transcription of genes and can 19 therefore only be produced by living organisms, providing a proxy for viability. We designed and used 20 RNA-based molecular diagnostic assays targeting genes essential to vital processes and assessed their
Introduction 32
Wood and wood products can harbor microorganisms that can raise phytosanitary concerns in 33 countries importing or exporting these products [1-3] . Various treatments have been developed and 34 can be applied to eliminate organisms present in wood [3] . The two most widely used treatments are 35 heat and fumigation of timber and wood products performed according to international phytosanitary 36 standards ISPM 15 and ISPM 39 [4] . These methods are efficient for the elimination of insects but their 37 efficacy in eliminating microorganisms can vary and is not always well documented. To evaluate the 38 efficacy of these treatments the presence of microorganisms must be assessed following treatment of 39 the wood products, generally using approaches based on the isolation and cultures of the 40 microorganisms. However, culture-based methods have limitations as it is now estimated that only a 41 small fraction of the microorganisms present in natural environments can be grown on artificial media 42 [5, 6] . In addition, some fungi grow slowly and rely on complex nutrient requirements. This is the case of 43 certain fungi that are outcompeted by fast-growing saprophytic species [7] . These short-comings could 44 generate false negatives, i.e. the failure to detect microorganisms that are still viable following a 45 treatment that is inefficient. An additional challenge is that the paucity and sometimes inadequacy of 46 distinguishing morphological traits complicates the identification of microorganisms [8, 9] .
47
The use of molecular methods, in particular DNA amplification of universal genes using the 48 Polymerase Chain Reaction (PCR), followed by amplicon sequencing and DNA barcoding (matching the 49 unknown sequence by homology in public sequence databases to provide identity), have become the 50 standard in identification of fungi and oomycetes [10] [11] [12] . Real-time PCR , a method that uses 51 fluorescent dyes for detection of target genomic DNA (gDNA) during the amplification process has 52 increasingly replaced conventional PCR [10, 13] . However, molecular detection methods are generally 53 based on the detection of pathogen gDNA and therefore aim at detecting the presence, but not the 54 viability, of the organism. Since DNA is stable and does not rapidly degrade following cell death, these 4 55 assays are not useful to assess the viability of the targeted organisms and thus cannot help in 56 determining the efficacy of a phytosanitary treatment. In contrast, messenger RNA (mRNA) degrades 57 more rapidly after cell death [14] [15] [16] , and is only produced by metabolically active cells, making it 58 suitable to specifically detect living microorganisms [17] .
59
To develop qPCR assays that can detect and quantify pathogen mRNA to assess its viability, it is 60 necessary to produce complementary DNA (cDNA), which is the double-stranded DNA synthesized from PCR probes were designed as follows: a probe used for the detection of gDNA was designed within the 6 97 intron sequence located between the two primer pairs, whereas a probe targeting the cDNA was 98 designed to span the exon-exon junction ( Fig. 1A all plates were removed from the oven and set aside at room temperature before collection at the time-130 points mentioned above. Mycelial samples were collected and stored as previously described for the SPF 131 kiln-drying schedule.
132
Chlamydospores Separation 133 Chlamydospore harvesting from P. ramorum was carried out according to Tsao [36] with the 134 following modifications. Non-blended fungal mats were transferred onto a 75µm falcon filter in a 50ml 135 falcon tube. Using sterile dH 2 O, these mats were rinsed while being patted with a rubber policeman until 136 the volume of water in the falcon tubes reached approximately 10-20 ml. This was repeated twice. The 137 tubes were then centrifuged at 10,000 x g for 2 min, and the supernatant was removed. The 138 chlamydospore suspensions were then aliquoted into several 1.7 ml micro-tubes and centrifuged at 139 8000 x g for 5 min removing the supernatant. The pellets were then resuspended, combined and 140 centrifuged at 6,000 x g for 5 min and the supernatant discarded. Final concentration of the spores 141 should be approximately 1x10 5 chlamydospore/ml using a hemocytometer. The obtained spore 142 suspension was centrifuged at 6000 x g for 5 min, discarding the supernatant. The pellets were then 143 suspended to a minimum volume (approximately 50µl (Fig. 1A) .
213
Similarly, we observed a difference in amplicon product sizes between cDNA (149 bp) and gDNA (199 214 bp) in MS359 of G. clavigera (Fig. 1B) .
215
TaqMan probes were added to the two selected primer pairs to design real-time PCR assays that 216 were tested for amplification efficiency on serial dilutions of gDNA. For the assay PH178 targeting P.
217 ramorum, the standard curve yielded a regression coefficient of 0.998 indicating low variability between 218 independent DNA isolations and an amplification efficiency of 92.3% ( Fig. 2A) . Efficiency of the MS359 219 assay targeting G. clavigera was higher (100.3%), and variability slightly lower with a regression 220 coefficient of 0.981 (Fig. 2B ). 
239
We tested the efficiency of the PH178 assay on nucleic-acids extracted from P. ramorum-resting 240 spores i.e. chlamydospores. The mean C t for gDNA were within the range of those obtained for infected 241 wood samples (see above) with mean C t values of 25.45 for gDNA (± 0.055) and 29.05 for cDNA (±0.038)
242
(data not shown). No amplification was observed in the no-template controls.
243
Use of molecular assays to assess viability of pathogens following heat treatment 244 Ratio of mRNA over gDNA quantity as measured by C t values for cDNA and gDNA were 245 compared following two heat treatments (SPF Kiln-drying and short heat treatment) applied to 246 wood-logs infected with P. ramorum and G. clavigera. For both pathogens, we found a highly significant 247 effect of the heat treatment (F= 72.4, P < 0.0001 and F= 25.2, P < 0.0001 for P. ramorum and G.
248 clavigera, respectively) and an interaction between treatment and time point at which the gDNA and 249 mRNA samples were collected (F= 4.2, P < 0.001 for P. ramorum and F= 2.7, P < 0.01 for G. clavigera) 250 (Table 1) . This likely resulted from the difference in cDNA detection as for both species gDNA was 251 amplified after each treatment with C t values similar or higher than those obtained with the no-252 treatment control (e.g. C t distribution ranging from 24.0 to 34.0 for the two heat treatments versus 24.0 253 for the controls; Fig. 4A, B, E and F) . For both pathogens, no cDNA was detected at the end of SPF kiln-254 drying schedule treatment (C t value equal or above 40.0; Fig. 4D and H) , suggesting that this treatment 13 255 killed efficiently the two pathogens. In contrast, the short heat treatment of 70 o C for 1 hour seemed to 256 be less efficient, with clear evidence that the mRNA degraded at different rates for the two organisms 257 following treatment. For P. ramorum, cDNA of the targeted gene (PH178) was detected after up to 24 258 hours post-treatment (mean C t = 35.8 ±4.82 for 0 to 24 hours post-treatment; Fig. 4C) . Similarly, G. the longer time of exposure to lethal temperatures in this schedule (7 hours) contributed to achieve full 376 mRNA degradation for that treatment.
377
The Food and Agriculture Organization (FAO) often revises the list of suggested treatments for 378 wood packaging material, emphasizing the importance of reducing the risk of quarantine pests 379 associated with wood exports [4] . The present research acts as a proof-of-concept to enhance future 380 molecular detection methods of invasive and native pathogens of phytosanitary concern. Our 381 mRNA/gDNA detection method differentiated between dead and alive pathogens using reverse 382 transcriptase and real-time PCR assays and was validated in pathogen-infected wood samples. These 383 assays provide a novel way to evaluate and compare the efficacy of wood treatments to eliminate 384 microorganisms that are difficult to detect. Further investigation of the timing and pattern of mRNA 385 degradation in wood and other plant tissues such as leaves and bark should be conducted using this 386 method.
